-reacts with tyrosine residues in proteins to form nitrotyrosine in a nitration reaction as an ONOO --specific reaction. Western blot analysis using anti-nitrotyrosine antibodies recognized nitrotyrosine-containing proteins in 20 and 50 kDa bands in BY-2 protein extract containing SIN-1 [3-(4-morpholinyl) sydnonimine hydrochloride; an ONOO -donor]. These bands were also recognized in INF1-treated BY-2 cells and were found to be slightly suppressed by urate. Our study is the first to report ONOO -detection and tyrosine nitration in defense responses in plants.
Introduction
Plants defend themselves against pathogen attack through various reactions. Doke (1983) advocated the necessity for reactive oxygen species (ROS), such as superoxide (O 2 -) to trigger plant defense responses. The rapid production of O 2 -(oxidative burst) can inhibit pathogen infection, by inducing various other defense responses including direct microbicidal action (Peng and Kuc 1992) , restriction of pathogen penetration via cross-linking of cell wall glycoproteins (Bradley et al. 1992) , induction of phytoalexin accumulation or defenserelated genes (Apostol et al. 1989 , Desikan et al. 2001 , or activating salicylic acid biosynthesis (Leon et al. 1995) . However, several recent reports state that although O 2 -is essential, it is not the only component required for defense responses. O 2 -alone cannot induce hypersensitive responses (HR) and cell death in plants.
We focused on nitric oxide (NO) as a collaborator of O 2 -in defense responses. NO is a free radical gas that is involved in the intra-and intercellular signal transduction pathway (Stamler 1994) and it plays a prominent role in the activation of disease resistance and various defense-associated responses in plants. NO donor treatment triggered the accumulation of phytoalexin (Noritake et al. 1996) , the expression of several genes responsible for synthesis of defense-related metabolites (Durner et al. 1998 , Yamamoto et al. 2003 ) and jasmonate accumulation (Wang and Wu 2005) in plants. O 2 -and NO are generated simultaneously in defense responses (Kozak et al. 2005) and react with each other very rapidly (k = 6.7×10
9 liter mol -1 s -1 ) to form peroxynitrite (ONOO -) without requiring enzymatic catalysis and hypothetically resulting in the mobility of NO and redox activity of O 2 - (Padmaja and Huie 1993) . In plants, the production of O 2 -is regulated by the rboh gene (Torres et al. 2002 , while NO is produced by nitric oxide synthase (NOS) (Guo et al. 2003 , Zeidler et al. 2004 , nitrate reductase (NR) (Desikan et al. 2002 , Kaiser et al. 2002 , Yamasaki and Sakihama 2000 and nitrite:NO-oxidoreductase (NI-NOR, Stöhr et al. 2001 ) as well as non-enzymatic mechanisms such as the decomposition of nitrous acid to NO (Bethke et al. 2004, Yamasaki and Sakihama 2000) and the carotenoid-mediated NO production (Cooney et al. 1994 ). ONOO -is capable of reacting with many classes of biomolecules, such as antioxidants including uric acid (Balavoine and Geletii 1999) , lipids (Rubbo et al. 1994b) , nucleic acids (Salgo et al. 1995) and proteins (Rubbo et al. 1994a) . These reactions trigger defense responses in animals and plants. In animals, ONOO -generation is reported to be relevant to apoptosis (Sandoval et al. 1997) and mitogen-activated protein kinase (MAPK) or p53 activation (Cobbs et al. 2001 , Zhang et al. 2000 . In Arabidopsis thaliana, ONOO -induces HR and defense-related gene expression (Alamillo and García-Olmedo 2001) .
ONOO -has a strong nitration activity for tyrosine residues. Tyrosine nitration is one of the ONOO --specific and direct reactions. Nitrotyrosine, a product of tyrosine nitration, has been detected in ONOO --supplemented human thymocytes (Moulian et al. 2001) or tissues of various diseases in which ONOO -was detected such as Alzheimer's disease (Hensley et al. 1998 ), Parkinson's disease (Giasson et al. 2000) or asthma (Hanazawa et al. 2000) . Nitration of tyrosine by ONOO -is regulated by certain conditions such as pH (Reiter et al. 2000) , carbon dioxide (Zhu et al. 2000) or metals (Daiber et al. 2004 ).
Limited information is available regarding the direct reaction of ONOO -in plants. Moreover, ONOO -itself has not been detected despite several reports speculating on the presence of ONOO -in plants (Alamillo and García-Olmedo 2001 , Delledonne et al. 2001 , Perazzolli et al. 2004 , Tada et al. 2004 , Shimoda et al. 2005 . In this study, we detected ONOO -generation in tobacco BY-2 cells treated with INF1, a proteinaceous elicitor (12 kDa) from Phytophthora infestans, which induces HR in tobacco (Kamoun et al. 1997) . Additionally, nitrotyrosine as a product of direct reaction of ONOO -was detected by using anti-nitrotyrosine antibodies. Both ONOO -generation and tyrosine nitration were suppressed by urate, an ONOO -scavenger.
Results
Capacity of APF for ONOO -detection Aminophenyl fluorescein (APF) is a fluorescent reagent used for detection of ROS or free radicals such as ONOO -, OH· (hydroxyl radical) or OCl - (Setsukinai et al. 2003) . We used sydnonimine hydrochloride] as a ONOO -donor that produces the same amount of NO and O 2 -, which then react with each other very rapidly. When an emission wavelength scan was performed at an excitation wavelength of 490 nm, ONOO -was detected at an emission wavelength of 515 nm in 0.2 mM potassium phosphate buffer (pH 7.4). Thus, we decided to use an excitation/emission wavelength of 490/515 nm at pH 7.4 to detect ONOO -using APF. The fluorescence intensity at pH 5.7 was far lower than that at pH 7.4 (Fig. 1A) . The fluorescence intensity was almost stable at 1 h (3,600 s) after treatment with 2.5 µM APF (Fig. 1B) . In all of the experiments below, we added APF 1 h prior to the measurement. The fluorescence intensity was checked at variable SIN-1 concentrations, keeping the APF concentration fixed at 2.5 µM (Fig. 1C) . Martin-Romero et al. (2004) measured ONOO -production from SIN-1 solution and ascertained that 1.2-3.6% (molar concentration) of ONOO -was produced by SIN-1. We calculated the concentration of ONOO -in experiments similar to those below from the fluorescent intensity -detection by APF. APF (2.5 µM) was added to 1 mM SIN-1 solution and agitated for 1 h. ONOO -content was estimated with a fluorescence spectrophotometer (an emission wavelength was scanned from 300 to 600 nm under conditions of an excitation wavelength at 490 nm). The pH of SIN-1 dissolved in phosphate buffer was tested at two pH values of 5.7 and 7.4. We selected an excitation wavelength of 490 nm, an emission wavelength at 515 nm and a phosphate buffer of pH 7.4 in later experiments to detect ONOO -by using APF. (B) Time course experiment for ONOO -detection. ONOO -was estimated for 2 h after APF (2.5 µM) addition in 1 mM SIN-1 solution. The fluorescence intensity at 1 h (3,600 s) was almost stable. (C) Dose dependency of SIN-1. Each concentration of SIN-1 was dissolved in 0.2 mM phosphate buffer (pH 7.4) and shaken for 10 min. APF (2.5 µM) was added to each of the SIN-1 solutions, and the solutions were shaken for 1 h. The fluorescence intensity of each solution was then estimated.
with the Martin-Romero model (we assumed 2.4%, as the average of this model, if ONOO -was generated by SIN-1).
INF1-induced NO and O 2 -production in tobacco BY-2 cells The detection of ONOO
-by APF in a buffer with pH 7.4 was found to be more appropriate (Fig. 1) . Although the BY-2 cell medium is usually maintained at pH 5.7, no difference in the number of tobacco BY-2 cells was observed when these cells were cultured for 3 d at pH 5.7 and 7.4 (data not shown). In the following experiment, we adopted the assay buffer (pH 7.4) for detection of NO, O 2 -or ONOO -. H 2 O 2 and NO production in INF1-treated tobacco BY-2 cells has been detected previously (Sasabe et al. 2000 , Yamamoto et al. 2004 . The detection of H 2 O 2 possibly indicates O 2 -production prior to reduction by superoxide dismutase (SOD). Here, we confirmed NO and O 2 -production 6 h after INF1 treatment when the INF1-treated cells appeared to be actively responding to INF1 elicitin. NO generation by using diaminofluorescein-2 diacetate (DAF-2 DA), an NOspecific fluorescent indicator, and O 2 -generation using L-012, a luminescent reagent for direct O 2 -detection, were higher than those in controls treated with water ( Fig. 2) .
Induction of ONOO
-generation following INF1 treatment of tobacco BY-2 cells NO and O 2 -are known to react with each other very rapidly in the absence of any enzymatic catalysis. These facts form the basis for ONOO -generation in tobacco BY-2 cells. To determine whether INF1 induces ONOO -production in BY-2 cells, we used the ONOO -fluorophore APF with a fluorescence spectrophotometer (Fig. 3A ) and a fluorescence microscope ( Fig. 3B ). ONOO -generation occurred within 1 h after treatment with INF1 and reached a maximum level (1.28 nmol ml -1 ) in 6-12 h. In control cells treated with water, ONOO -generation remained at a low level throughout the incubation period. We used urate as a ONOO -scavenger and found that 1 mM urate suppressed ONOO -generation induced by INF1 (Fig. 3A) . The fluorescence intensity became visible 6 h after treatment with INF1 when observed under a fluorescence microscope, in contrast to the water treatment (Fig. 3B ).
Tyrosine nitration in protein extracts from tobacco BY-2 cells ONOO -reacts with various molecules, and the formation of nitrotyrosine from tyrosine nitration is one ONOO --specific reaction. Nitrotyrosine has been found in various organs and in protein extracts from mammals in which ONOO -is detected -were measured 6 h after treatment with 50 nM INF1 elicitin. NO was detected by using 10 µM DAF-2 DA with a fluorescence spectrophotometer (excitation 495 nm, emission 515 nm). O 2 -was detected by using 5 µM L-012 with a luminometer. Fluorescence and chemiluminescence intensities were normalized to the production in water-treated cells, which were given a value of 1. Each value represents the mean with standard deviation of three replicates. Hensley et al. 1998 , Giasson et al. 2000 , Hanazawa et al. 2000 . The addition of SIN-1 (0.1-1 mM) to tobacco BY-2 cells resulted in recognition of 20 and 50 kDa bands in proportion to the concentration using monoclonal antibodies against nitrotyrosine (Fig. 4A) . Similarly, treatment of tobacco BY-2 cells with 50 nM INF1 for 6 h resulted in recognition of 20 and 50 kDa bands. Further, treatment with 1 mM urate decreased the density of the 20 kDa band in spite of having little influence on the 50 kDa band (Fig. 4C) .
Intracellular ONOO
-production following INF1 treatment or SIN-1 addition to tobacco BY-2 cells
Taking advantage of APF's ability to permeate into the cytoplasm, intracellular ONOO -fluorescence was imaged in tobacco BY-2 cells that were treated with 50 nM INF1 and incubated for 6 h or to which were added 1 mM SIN-1 followed by incubation for 1 h. The intracellular ONOO -generation induced by the INF1 elicitin was suppressed by 1 mM urate (Fig. 5) .
The fixation of BY-2 cells treated with 50 nM INF1 or to which 1 mM SIN-1 was added was performed prior to APF addition for 1 min because the cells tended to condense making it impossible to obtain a clear image of each cell (Fig. 6) . The fixation process caused damage to the cells, and ONOO -was measured in the damaged cells. However, little difference was observed between fixed and non-fixed cells.
Discussion
APF was affective as a fluorescent reagent for ONOO -detection. An appropriate pH (7.4), excitation/emission wavelength (490/515 nm) and incubation time after APF treatment (1 h) enabled ONOO -detection in an SIN-1-containing solution (Fig. 1) . A drawback of APF is that it also measures OH· and OCl
- (Setsukinai et al. 2003) ; therefore, it is not specific for ONOO -detection. However, APF fluorescence from a SIN-1-containing solution is due to ONOO -itself. Some reports state that ONOO -reacts with H + to form ONOOH, and that it decomposes into NO 2 and OH· (Beckman et al. 1990 ). Actually, this reaction appears to be impossible because a very high amount of energy is required for this decomposition in order to form OH· (Pryor et al. 1996) . Therefore, OH· and OCl -, which are artifacts in the detection using APF, would be barely present in SIN-1 solution. Thus, we concluded that APF was appropriate as a detection reagent for measuring ONOO -. A constant density of ONOO -in SIN-1 solution was presumed, based on the report of Martin-Romero et al. (2004), which calculates the actual ONOO -density from SIN-1 decomposition into NO and O 2 -. The fluorescence intensity was used to estimate ONOO -concentration in later experiments (Fig. 3A) . In this study, it was demonstrated that ONOO -generation occurred in INF1-treated tobacco BY-2 cells. NO and O 2 -generation was detected using DAF-2 DA and L-012, respectively (Fig. 2) . It is confirmed that DAF-2 DA is available because NO production from SNP, an NO donor, was detected in a dose-dependent manner (data not shown). This result was consistent with that reported by Delledonne et al. (2001) . L-012 is a specific reagent for detection of O 2 -and OH .
, and its availability was examined using xanthine/xanthine oxidase as O 2 -donor (data not shown) as reported by Imada et al. (1999) . However, Zhang et al. (2002) showed that DAF-2 and DAF-2 DA reacted with dehydroascorbic acid or ascorbic acid, and increased fluorescence. It was recently reported that the kinetics of the DAF-2 DA method for NO detection were different -generation in INF1-or SIN-1-treated tobacco BY-2 cells using a confocal laser scanning microscope. Tobacco BY-2 cells were treated with water or 50 nM INF1 with or without 1 mM urate and incubated for 6 h, or 1 mM SIN-1 was added and they were incubated for 1 h. These cells were stained with 2.5 µM APF 1 h before detection and observed using a confocal laser scanning microscope with a 505-530 nm band-pass filter (left panels). Bright and UV field images are shown on the right panels. from those by the chemiluminescence method (Planchet et al. 2006) . These reports suggest that it is necessary to confirm further NO and O 2 -generation using different methods. ONOO -generation was investigated by using APF over a time course and was found to be at its maximum at 6 h (Fig.  3A, B) . As an indicator of ONOO -, nitrotyrosine, was detected by using anti-nitrotyrosine antibodies (Fig. 4B) . ONOO -generation and tyrosine nitration in INF1-treated tobacco BY-2 were suppressed by urate, an ONOO -scavenger (Fig. 3A, 4B ). These results suggested that ONOO -was generated in defense responses in plants, similar to the situation in animals. Delledonne et al. (1998) reported that the amount of NO production in soybean suspension cultures was approximately 2 µM. Consistent with this result, we calculated the amount of ONOO -production as 1.28 µM, suggesting that the concentration can be biologically active in plant cells.
ONOO -has strong nitration activity, and a number of studies on mammals report tyrosine nitration in proteins during stress responses (Hensley et al. 1998 , Giasson et al. 2000 , Hanazawa et al. 2000 . Conversely, in plants, there is no report concerning tyrosine nitration as a stress response. In A. thaliana, nitrosylated cysteine residues in proteins are detected when the cells are treated with an NO donor (Lindermayr et al. 2005) . Tyrosine nitration is influenced by various factors. In mammals, tyrosine nitration is accelerated by CO 2 (Zhu et al. 2000) . However, we were unable to detect this phenomenon when 1.2 mM NaHCO 3 (a CO 2 donor) was added to INF1-or SIN-1 treated tobacco BY-2 cells (data not shown). In our experiments, 20 and 50 kDa bands in protein extracts from BY-2 cells were obtained by SIN-1 or INF1 treatment. The 20 kDa band obtained by INF1 elicitin was suppressed by urate, but the 50 kDa band was not. We are therefore left to ask why urate did not affect the 50 kDa band.
The relationship between NO and O 2 -in plants remains to be elucidated due to certain difficulties. NO, O 2 -and the resultant related molecules are hard to detect clearly because of their short half-life, chemical reactivities with other free radicals, the complexity of diffusion and manner of movement, and therefore ever-changing amounts and proportions. Under these circumstances, we detected ONOO -generation, and inspected tyrosine nitration as a direct reaction of ONOO -. One report asserts that ONOO -is relevant to HR and defense gene expression (Alamillo and García-Olmedo 2001) . Another report emphasizes that the combination of NO and H 2 O 2 , but not ONOO -, takes part in the induction of defense responses (Delledonne et al. 2001) . Tada et al. (2004) report that ROS including O 2 -or NO are not essential for HR in plants. There are additional studies in which NO influences hemoglobin in its regulation of ROS (Perazzolli et al. 2004 , Shimoda et al. 2005 .
NO is a free radical gas and can pass through a cell membrane (Stamler 1994) . Intracellular NO production in defense responses has been confirmed by confocal laser microscopy (Foissner et al. 2000) . Intracellular ONOO -in INF1-or SIN-1-treated tobacco BY-2 cells was also detected via confocal laser microscopy by using APF, making use of APF's ability to permeate cell membranes (Fig. 5, 6 ). It is assumed that O 2 -is produced by NADPH oxidase in the outer environment of a cell, and O 2 -(a polar molecule) cannot permeate the cell membrane. Perhaps ONOO -detected intracellularly in INF1-treated tobacco BY-2 cells indicates that O 2 -and NO are reactive outside the cell membrane and the resultant ONOO -permeates into the cell membrane. ONOO -exists in both cis-and transforms (Liang and Andrews 2001, Symons 2000) . The two types do not show any differences in reactivity. Since the cisform has no polarity, it may be assumed that the cis-form of ONOO -can invade the intracellular environment.
The subcellular location in which NO accumulates has been reported. NO was seen to accumulate in chloroplasts and then the nucleus, cytoplasm, peroxisomes (Foissner et al. 2000) or mitochondoria Crawford 2005, Planchet et al. 2005) . In reality, diffusion and movement of NO and ONOO -would be extremely complex (Yamasaki 2005) . In animal and plant tissues, NO can react with cellular antioxidants and oxidants as well as with other free radicals, which may alter its diffusion pattern and biological activity. In addition, the composition of proteins such as hemoglobin, unsaturated lipids, sulfhydryl iron or iron-sulfur moieties within the microenvironment surrounding the NO source may modify NO and ONOO -activities. The microenvironment determining the diffusion of NO and the formation of ONOO -might change within a given tissue or even within a cell.
Recently, two pathways directly downstream of NO have been reported in mammals. The first pathway generates ONOO -by O 2 -interaction and the other pathway regulates cGMP concentration by guanyl cyclase (Schlossmann et al. 2003) . The ONOO -pathway has been extensively studied due to its high reactivity as a ROS in defense responses. On the other hand, the cGMP pathway is responsible for physiological reactions, such as adjustment of blood pressure and bronchial diameter, which mainly act to maintain stability in living beings (Schlossmann et al. 2003) . In plants, natriuretic peptide is the most often studied cGMP regulation factor. For example, an increase in cell volume (Morse et al. 2004) or H + , K + and Na + transportation (Pharmawati et al. 1999 ) is observed in natriuretic peptide-treated plants. We propose that the possibility of cGMP regulation by NO should be investigated in plants.
Materials and Methods

Assessment of APF reagent for ONOO -detection
We used APF (Daiichi Pure Chemicals, Tokyo, Japan) for ONOO -detection. The fluorescence intensity of APF induced by generation of ONOO -from SIN-1 (ONOO -donor) (Dojindo Laboratories, Kumamoto, Japan) was measured at 30°C with a fluorescence spectrophotometer (RF-5300PC, Shimadzu, Kyoto, Japan) (band path 3 nm × 3 nm). The time course data were measured, if required. The excitation and emission wavelengths were determined in each experiment.
Preparation of INF1 elicitin
To prepare INF1 elicitin (inf1 gene product, P. infestans elicitor), overnight cultures of E. coli cells, carrying a chimeric plasmid (pFB53) along with the inf1 gene, were diluted (1 : 100) in LuriaBertani medium containing 50 µg ml -1 ampicillin and incubated at 37°C. When the OD 600 of cultures reached 0.6, production of INF1 by E. coli cells was induced by adding 0.4 mM isopropyl-β-D-thiogalactopyranoside to the culture medium for 3-4 h. The culture medium was then centrifuged, and the supernatant was collected and dialyzed overnight against water. This preparation was then used as INF1 elicitin. The INF1 concentration was confirmed by using a method described by Kamoun et al. (1997) .
Treatment of tobacco BY-2 cells with INF1 and ONOO
-scavenger (urate)
Tobacco BY-2 cells were grown in 95 ml of Murashige and Skoog medium supplemented with 30 mg ml -1 sucrose, 1 µg ml -1 thiamine, 100 µg ml -1 myoinositol, 200 µg ml -1 KH 2 PO 4 and 0.2 µg ml 
Preparation of protein extract
The treated tobacco BY-2 cells were mixed with equal volumes of extraction buffer [0.2 mM potassium-phosphate buffer (pH 7.4) containing 10 µM p-amidinophenyl methylsulfonyl fluoride] and sonicated using a sonicator until all the cells were disrupted. After centrifugation at 16,000×g for 10 min, the supernatant was stored at -80°C. Protein concentration was determined using the Bradford (1976) assay with bovine serum albumin as a standard.
Western blot analysis
After separation by SDS-PAGE, each protein (10 µg) was transferred electrophoretically to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) for 1 h at 2 mA cm . Prior to the transfer, the nitrocellulose membranes were blocked for 1 h with 5% non-fat milk in TBS-T [50 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and 0.05% . For detection of nitrotyrosine-containing proteins, the blots were incubated (2 h, room temperature) with a mouse monoclonal anti-nitrotyrosine antibody (HM 11) (1 : 10,000 dilution, Upstate Biotechnology Inc., Charlottesville, VA, USA). The antibody specifically recognizes nitrotyrosine (MacMillan-Crow et al. 1996) . After washing three times (once for 15 min and twice for 5 min) in TBS-T, the immunocomplexed membranes were probed (30 min, room temperature) with a goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1 : 2,000 dilution, Amersham Biosciences, Piscataway, NJ, USA). The probed membranes were washed three times (once for 15 min and twice for 5 min) in TBS-T, and immunoreactive proteins were detected using enhanced chemiluminescence. The detailed density of each band was analyzed with CS analyzer 2.1 software (ATTO, Tokyo, Japan). Another gel, which was not examined for Western blot analysis, was stained with Coomassie brilliant blue.
Fluorescence microscopy for ONOO -detection in tobacco BY-2 cells Extracellular ONOO -generation in tobacco BY-2 cells was detected under a fluorescence microscope (BX51, Olympus, Tokyo, Japan) with a U-MNIBA filter. Tobacco BY-2 cells were equilibrated by agitation at 130 rpm for 6 h at 28°C after treatment with water or 50 nM INF1 and/or 1 mM urate, and mounted on slides.
Confocal laser scanning microscopy for intracellular ONOO
-detection in tobacco BY-2 cells Intracellular ONOO -generation of tobacco BY-2 cells was detected using a confocal laser scanning microscope (Axioplan 2 imaging MOT, Carl Zeiss, Oberkochen, Germany). The cells were treated with water or 50 nM INF1 and/or 1 mM urate and incubated for 6 h, or 1 mM SIN-1 was added and they were incubated for 1 h. These cells were loaded with 2.5 µM APF 1 h prior to imaging and mounted on slides. The intracellular ONOO -generation was recorded using a 505-530 nm band-pass filter. Microscope laser and photomultiplier settings were kept constant during the course of the experiment in order to obtain comparable data. The images were processed and analyzed with Zeiss LSM 510 software.
